Although proteins generally fold to their thermodynamically most stable state, some metastable proteins populate higher free energy states. Conformational changes from metastable higher free energy states to lower free energy states with greater stability can then generate the work required to perform physiologically important functions. However, how metastable proteins fold to these higher free energy states in the cell and avoid more stable but inactive conformations is poorly understood. The serpin family of metastable protease inhibitors uses large conformational changes that are downhill in free energy to inhibit target proteases by pulling apart the protease active site. The serpin antithrombin III (ATIII) targets thrombin and other proteases involved in blood coagulation, and ATIII misfolding can thus lead to thrombosis and other diseases. ATIII has three disulfide bonds, two near the N terminus and one near the C terminus. Our studies of ATIII in-cell folding reveal a surprising, biased order of disulfide bond formation, with early formation of the C-terminal disulfide, before formation of the N-terminal disulfides, critical for folding to the active, metastable state. Early folding of the predominantly β-sheet ATIII domain in this two-domain protein constrains the reactive center loop (RCL), which contains the proteasebinding site, ensuring that the RCL remains accessible. N-linked glycans and carbohydrate-binding molecular chaperones contribute to the efficient folding and secretion of functional ATIII. The inability of a number of disease-associated ATIII variants to navigate the folding reaction helps to explain their disease phenotypes. 
cellular protein folding | endoplasmic reticulum | serpins | antithrombin | thrombosis I rreversible switching from one conformation to another allows proteins to perform mechanical work without external energy sources such as ATP. Large conformational movements, up to ∼100 Å, can be triggered by proteolysis or changes in environmental conditions, such as pH, initiating processes including membrane fusion for viral infection, protease activation, or inhibition (1) . To facilitate these processes, proteins must fold to kinetically trapped metastable states with relatively high free energy. How proteins fold to these states and avoid more thermodynamically stable conformations is poorly understood.
The serpin family of serine protease inhibitors exemplifies this type of metastable protein, and its mechanism of folding presents a conundrum. The native, active serpin fold positions the target protease-binding site on a loosely structured, accessible stretch of sequence termed the reactive center loop (RCL). Once the protease forms a covalent acyl intermediate in the scissile bond in the RCL and cleaves the bond, the serpin undergoes a major conformational change like the springing of a mousetrap, and the protease is carried ∼70 Å to the opposite side of the serpin, thereby inactivating the protease by mechanical deformation (2, 3) (Fig. S1) . Strikingly, the conformational landscape of serpins has an alternate fold that is more stable than the functionally required "cocked mousetrap" fold. In this alternative fold, called the latent state, the intact RCL is inserted as an additional strand into the central β-sheet, resulting in a more stable but inactive state (4) . Encoding this gymnastic ability in the folding landscape of serpins comes at a risk: Many mutations in serpins cause misfolding and are associated with diseases called serpinopathies (5) .
The serpin antithrombin III (ATIII) plays an essential role in blood clotting by regulating the activity of thrombin and other serine proteases in the coagulation cascade. Numerous misfolding mutations of ATIII are linked to thrombosis (6, 7) . The cellular folding process of ATIII, including its traversal of the secretory pathway, facilitates its folding to the functional metastable high free energy state. The differing outcomes of unassisted refolding of purified ATIII and its cellular folding underline the profound difference between protein folding reactions in isolation and in cells and invite further exploration of the key players and steps that make cellular folding so successful (8, 9) . The fact that ATIII and other serpins must adopt metastable states to function and that their misfolding is implicated in several pathologies further raises the importance of understanding their cellular folding pathway.
Because disulfide bonding requires two Cys residues to be positioned within a few angstroms of each other, the intramolecular disulfide bond reaction is tightly coupled to formation of native protein topology. Hence, the order of disulfide bond formation reveals the progress of its folding; in fact, disulfides have been used as reporters of folding states to map the folding pathway for a number of proteins both for purified components and in cells (10) (11) (12) (13) (14) . ATIII was chosen as a substrate to map the folding pathway for serpins as it is one of the few serpin proteins that possess intramolecular disulfides. Its three disulfide bonds are optimally positioned to report on the evolution of the ATIII structure (Fig.  S2A) . ATIII comprises three β-sheets and nine α-helices combined into two nonsequential, intertwined domains with a central β-sheet both forming the core of the α/β domain and bridging the two domains. One disulfide, between Cys-8 and Cys-128, links the flexible N terminus to a later helix in the N-terminal, largely helical subdomain; a second, between Cys-21 and Cys-95, connects two helical segments that flank the central bridging β-sheet; and the third, between Cys-247 and Cys-430, creates a large loop around the C-terminal third of the molecule (Fig. 1A) .
Significance
The activity of some proteins requires dramatic conformational movements. The ability to undergo these movements can be enabled by folding of these proteins to constrained higher free energy or metastable states. Metastable proteins are particularly susceptible to misfolding and are therefore associated with a number of pathologies. Here the cellular folding pathway of the serpin antithrombin III (ATIII), which inhibits proteases involved in the coagulation cascade, was determined. ATIII uses a large conformational movement in a mousetrap-like mechanism to bind and distort its target protease, resulting in protease inhibition. This work establishes that folding to an active, cocked state requires early stabilization of the C-terminal region, which is the last sequence translated, explaining how the serpin or mousetrap is set. To address the long-standing question of how metastable proteins can fold to higher energy states in the cell and avoid lower energy forms, we mapped the folding pathway of ATIII by determining the order in which its disulfides formed. Interestingly, although the C terminus is translated last, it is the first domain to lock into place. This constraint is key, as it positions the RCL or protease bait loop in an exposed orientation that keeps it from inserting into an earlier translated sheet where it would reach a lower energy but inactive state referred to as the latent state. Interestingly, a number of disease-associated, single-site missense mutations in ATIII derail the protein folding program, providing an explanation for some cases of thrombosis. (Fig.  1B) . Secretion of ATIII into the media occurred with a half-time of 54 min and reached a maximum secretion level of 75% (Fig. 1C) .
Results

ATIII
Secreted ATIII was able to form a covalent complex with thrombin, confirming its successful folding to an active, metastable, and native state (see Fig. 3B, lanes 1 and 2) . Secreted ATIII was resistant to endoglycosidase H (Endo H), which cleaves the high mannose N-glycans attached in the ER but not complex carbohydrates that are added in the Golgi, consistent with its having traversed both the ER and Golgi (Fig. 1B) . The cellular lysate fraction of ATIII was distributed between soluble ATIII that was sensitive to Endo H and therefore ER-localized (15%) and triton-insoluble protein aggregates that presumably arose from protein that misfolded (10%) (Fig. 1C) . Together these results show that wild-type ATIII is rapidly and efficiently secreted from CHO cells in a properly folded, native, and active state.
The C-Terminal Disulfide of ATIII Forms First and Is Sufficient for Secretion. We next dissected the development of native topology in ATIII as it proceeded through the secretory pathway by monitoring the order of formation of its three disulfide bonds. The homogeneously glycosylated N135Q variant of ATIII was used for these experiments, as glycosylation of Asn-135 is inefficient and leads to protein heterogeneity (15) . This variant was secreted with the same efficiency as the wild type (Fig. 3C ). Immediately after a 30-min [ . ATIII in the medium behaved similarly to NT, except for a slight increase in mass caused by the addition of complex carbohydrates in the Golgi. Indeed, after treatment with peptide-N-glycosidase F (PNGase F), which removes complex carbohydrates from N-linked glycans, oxidized ATIII from the medium had mobility comparable to the fastest migrating form from the cell lysate, indicating that these forms both corresponded to the fully oxidized native conformation (Fig. S3) .
To assign the observed intermediates in ATIII maturation and thereby deduce its cellular folding mechanism, we used variants lacking the native disulfide pairs. Strikingly, mutation of the C-terminal disulfide pair (C247A-C430A) completely abolished both folding (as indicated by the lack of higher mobility species) and secretion of ATIII ( Fig. 2A) . Instead, ATIII lacking the Cys residues necessary to form the C-terminal intrachain disulfide bond accumulated in a band that comigrated with fully reduced ATIII (see IT1 R ). Importantly, this observation strongly suggests that the other, more N-terminal disulfides do not form unless the C237-C430 disulfide forms ( Fig. 2A , compare lane 4 to lanes 7-10). Reciprocally, a mutant lacking all four N-terminal cysteines (Δ4N-Cys), and thus unable to form either N-terminal disulfide, still populated a species with relatively high mobility under oxidizing conditions, indicating that formation of the C-terminal C247-C430 disulfide was accompanied by significant compaction, and therefore folding (Fig. 2B, lane 5; intermediate 2, or IT2 ).
In contrast with the behavior of the variant lacking the C-terminal disulfide, ATIII variants lacking either of the N-terminal disulfides (C8A-C128A or C21A-C95A) under oxidizing conditions both populated IT1 R early, then IT2, and ultimately a third, faster mobility band (termed IT3) that migrated only slightly slower than NT and therefore represented a state with near-native compaction (Fig. 2B, lanes 2 and 3) . Because IT3 accumulated for both the C8A-C128A and C21A-C95A variants, it appears that there is not a stringent order of formation for the two N-terminal disulfides. An intriguing finding is that variants lacking either of the N-terminal disulfides were secreted at similar levels to wild-type ATIII (with all three native disulfides) ( Fig. 2A) . Thus, formation of the N-terminal disulfides is not essential to the cell's treatment of the protein as a folded entity. In other words, the quality control machinery of the ER views these incompletely folded but substantially compacted proteins as adequately folded and allows them to proceed through the secretory pathway. Nonetheless, ATIII variants missing either of the two N-terminal disulfides were inactive when secreted, as measured by their compromised ability to form a complex with thrombin (Fig. 2C) , and each had an increased propensity to aggregate, as evidenced by a lower yield of secreted protein and concomitantly a larger triton-insoluble fraction in the cell lysates ( Fig. 2A) .
Taken together, these results paint the following picture of ATIII in-cell folding: The C-terminal disulfide C247-C430 must obligatorily form before formation of the N-terminal disulfides, and there is likely not a stringent order of formation of the two Nterminal disulfides (Fig. 2D) . In an unexpected finding, formation of the C-terminal disulfide of ATIII is sufficient for secretion. However, ATIII lacking a full complement of its native disulfides is inactive and thus incapable of attaining the native, active state. 
Treatment of ATIII-transfected cells with tunicamycin (TM), an N-glycosylation inhibitor, diminished ATIII secretion by more than 50% (Fig. 3A, lanes 19-27) . As TM disrupts the N-glycosylation of all glycoproteins by inhibiting the production of carbohydratedolichol phosphate precursors and stresses cells by activating the unfolded protein response cellular stress pathway (16), the effect of disrupting only ATIII glycosylation was tested by constructing an ATIII glycan-null variant. This variant was nonfunctional (Fig. 3B) and almost completely retained in the cell (Fig. 3A, lanes 10-18) , demonstrating that the N-glycans were required for ATIII secretion.
We hypothesized that the ER carbohydrate-binding chaperones calnexin and calreticulin may be coconspirators in high-fidelity cellular folding of ATIII. We tested this hypothesis by treatment of ATIII producing cells with the glucosidase inhibitor castanospermine (CST), which prevents the formation of monoglucosylated glycoproteins and thereby inhibits lectin chaperone binding (17, 18) . In the presence of CST, the level of ATIII secreted was reduced by a factor of three (Fig. 3A, lanes 28-36) . The activity of the secreted triglucosylated protein was also modestly lower than untreated ATIII (Fig. 3B) . Together, these results demonstrate the importance of glucosidase trimming and subsequent lectin chaperone binding for the efficient maturation of functional ATIII.
To determine which ATIII glycosylation sites influence its maturation and secretion, pulse-chase analysis of ATIII glycosylation mutants missing each of the four individual sites was performed (Fig. 3C) . Secretion of ATIII missing the glycan at position Asn-96 was significantly reduced, whereas the absence of glycans at positions Asn-135, Asn-155, and Asn-192 had little influence on secretion levels. Glycosylation at Asn-96 was also required for activity, as was the C-terminal glycan (Asn-192) but at a more modest level (Fig. 3D) . The two glycans at Asn-96 and -192 were also needed for efficient oxidation and folding, as in their absence neither mutant efficiently reached the NT state after a 30-min chase (Fig. 3E, lanes 4 and 8) . Although the two central N-linked glycans at Asn-135 and 155 were largely dispensable for folding, secretion, and activity, glycans at Asn-96 and -192 were required for efficient and proper folding of active ATIII.
Folding, Secretion, and Activity of Disease-Associated ATIII Mutants.
ATIII is a major inhibitor of blood coagulation, as it is a potent inhibitor of thrombin and factor Xa (19) . A large number of missense ATIII mutations have been discovered in patients suffering from thrombosis (20) (21) (22) . To further test the importance of ordered disulfide bond formation and N-linked glycans for in-cell folding, secretion, and function, we monitored the effects of known ATIII mutations that add or subtract Cys residues and one mutation that adds an N-linked glycosylation site using the cellular assays developed in this study (Table S1 ). Our results also suggest that the gate (Fig. S2A) and C-terminal region may be particularly important for proper ATIII folding, and we therefore also monitored the effect of a number of mutations in these critical regions.
The effects of these mutations in cellular assays may be predicted based on our findings mentioned earlier and/or the classifications of mutations in patients. Human ATIII mutations are classified as either type I, secretion defects leading to low circulating levels of ATIII, or type II, activity defects where ATIII plasma levels are at or near normal levels but activity is low. Based on our results for disulfide bond mutants, we predicted that the Cys mutations would significantly perturb ATIII folding and secretion. As expected, four of the five mutations that involved Cys residues (Y63C, C128Y, F402C, and C430F) resulted in CHO cell secretion levels of less than 20% relative to wild-type levels of ATIII, consistent with their classification as type I and secretion mutants (Fig. 4A) . The other Cys mutation, R57C, was found in a patient as a N55Δ/R57C double mutation (23) . Although N55Δ/R57C was poorly secreted, consistent with its type I classification, the single R57C mutant did not exhibit a significant defect in secretion or activity. However, the N55Δ deletion mutation significantly impaired secretion. Also, the I7N variant that created an additional partially recognized glycosylation site (see the protein doublet in Fig. 4B , lane 9, Lower) did not significantly alter secretion, consistent with its type II classification (24) . Heparin increases the rate at which ATIII inhibits target serine proteases and some type II mutations, including I7N, interfere with heparin binding (24, 25) . Because the activity assays were performed without added heparin, they were relatively insensitive to the effects of such type II mutations, and thus in our activity assays, I7N and wild-type ATIII had similar activities (Fig. 4A) .
The C-terminal disulfide bond is between Cys247 in the gate, formed by strands 3C and 4C, and Cys430 located almost at the C terminus of this 432-residue-long protein (Fig. S2A) . The importance of the gate and the C-terminal region led us to investigate the effects on in-cell folding of disease-associated mutations in these regions. We chose three disease-associated mutations in or near the gate (F229L, E237K, and F239S) and two mutations in or near the C terminus (N405K and P429L) (Fig. S2B) . The results of the cellular assays correlate with circulating levels in patients. Type I mutations F229L and F239S resulted in secretion levels of less than 20% relative to wild type and were largely inactive. In contrast, secretion levels of the type II mutants (E237K, P429L, and N405K) were all above 20%, with 40% or more of the secreted protein being active. These results demonstrated that CHO cell expression of the ATIII mutants recapitulated the approximate disease phenotypes observed in plasma of patients.
To determine if the secretion levels correlated with proper folding, the ATIII mutants were studied using a pulse-chase approach and analyzed by nonreducing and reducing SDS/PAGE. The folding or oxidation of the type I mutants was found to be blocked at a variety of states depending upon the specific mutation. F239S and C430F were arrested at the earliest oxidative intermediate (IT1 R ), indicating that none of the disulfides were able to form for these two mutants, demonstrating early derailment of the folding program due to disruption of the C-terminal disulfide (Fig. 4B, lanes 7 and 12) . N55Δ/R57C, N55Δ, Y63C, C128Y, F239S, F229L, and F402C were partially oxidized, as they formed more compact folding intermediates but were unable to reach NT after the 10-min chase, indicative of misfolding later in the folding process. In contrast, the four type II mutants all showed significant amounts of NT. Thus, the more severe type I defective mutants were commonly associated with ATIII misfolding, providing an explanation for the diminished levels of ATIII in patient plasma. The thrombin inhibitory activity for the glycan deletion mutants of ATIII was analyzed as described in Fig. 2C and Experimental Procedures. (E) ATIII glycan mutants that had each of the four sites mutated individually were expressed. Cells were pulsed for 15 min and chased for the indicated times. ATIII was resolved by nonreducing (NR) and reducing (R) SDS/PAGE. Discussion ATIII and other serpins must fold to a metastable or kinetically trapped state so that they can then use a large conformational movement initiated by peptide bond cleavage to inhibit target proteases. We have found that in cells ATIII folds to this higher free energy state by positioning the RCL at the C terminus early on in the folding process even though it is the last region to be synthesized. Exposing a loop like the RCL, particularly one that has an alternative topological position in which many hydrogen bonds may form (i.e., as a strand in the central β-sheet), requires stabilizing interactions flanking the loop (Fig. S1) . Formation of the C-terminal disulfide is a key lynchpin, allowing the gate region to stabilize the RCL and keep it from prematurely inserting into the central β-sheet (Fig. S2A) . Constraining the gate itself may also be important, as conformational changes in this region have been implicated in pathological serpin polymerization (26) , which can occur in the ER during serpin maturation. For the serpins α 1 -antitrypsin and ovalbumin, both of which lack C-terminal disulfide bonds, purified protein-folding studies have demonstrated the importance of the C-terminal region for proper folding and function (27) (28) (29) (30) . These results highlight the importance of constraining conformationally labile regions early in serpin folding to efficiently reach the functionally required metastable structure.
Do cellular factors conspire to ensure the order of formation of ATIII disulfides? Or is the observed essentiality of formation of the C-terminal disulfide favored by sequence-encoded folding information? ATIII appears to rely on the lectin chaperone system comprised of calnexin, calreticulin, as well as the UDP-glucose, glycoprotein glucosyltransferase 1, which directs rebinding and ER retention of nonnative substrates (31, 32) . The secretion level of ATIII was reduced by two-thirds in the absence of intervention by the lectin chaperone network; however, this diminished secreted fraction was active. Thus, although efficient ATIII maturation required the lectin chaperones, a small fraction of ATIII folded properly in their absence either unassisted or possibly helped by other chaperone systems that reside in the ER.
Interestingly, although the formation of the C-terminal disulfide is sufficient to pass the ER quality-control interrogation test, all three disulfides are required for ATIII to fold properly and acquire activity. Evidently the reliance on the lectin chaperone system supports efficient maturation of the wild-type protein, but the quality-control system fails to recognize the two N-terminal Cys double mutants. These inactive mutants should have been retained in the ER and targeted for degradation but were instead allowed to progress through the secretory pathway as inactive proteins. It will be of future interest to determine the nature of the mutant proteins and why they were incorrectly evaluated by the ER qualitycontrol system.
Because of the oxidative nature of the ER lumen, unpaired Cys residues caused by deletions or additions of Cys are particularly sensitive for maturation and quality control. As expected based on the oxidation studies and disulfide bond mutants, most mutations leading to either the loss (C128Y and C430F) or gain (Y63C and F402C) of a Cys residue result in ATIII secretion defects (Fig. 4A) and type I mutations. However, by itself R57C did not significantly perturb secretion or activity. Unlike Tyr63 or Phe402, which are both buried residues, Arg57 is solvent-exposed, suggesting that solvent exposure in the final structure can modulate the deleterious effects of unpaired Cys residues. The effects of buried Cys mutations on folding correlate with their location relative to the C terminus with both C430F, which directly disrupts the C-terminal C247/C430 bond, and F402C, which adds a Cys residue near the C terminus, causing disruptions early in oxidative folding, whereas mutations at or near the N-terminal disulfide bonds, C128Y and Y63C, disrupt later steps in folding (Fig. 4B) .
The type I F239S mutation involves a conserved residue in the gate. Phe239 is part of a conserved hydrophobic cluster in serpins (33) and is located within 2 Å of Cys247. As might be expected from its proximity to the C-terminal disulfide bond, F239S disrupts early oxidative folding events (Fig. 2D) . Pro429 is both conserved in serpins and precedes C430 in the ATIII sequence (33); thus, one might expect that Pro429 mutations would lead to a type I secretion defect. However, although P429L secretion is lower than that of wild-type ATIII, it folds to NT (Fig. 2D) , and the observed decrease in activity (Fig. 4A) is consistent with reports that its rate constant for thrombin inhibition is only 36% that of wild-type ATIII (34) . Thus, proximity to the C-terminal disulfide is useful but not sufficient for predicting the effects of ATIII mutations on oxidative folding.
Serpin activity requires insertion of the RCL into the central β sheet, sheet A, and this conformational flexibility makes serpins particularly susceptible to mutation (35) . RCL insertion requires opening of both the breach at the top of sheet A and the shutter region near the middle of sheet A (36). Phe229 forms part of a conserved hydrophobic cluster in the breach (33) in a loop that connects the two serpin domains, and the type I F229L mutation is postulated to lead to a cavity in this region (22) . Interestingly, despite its interactions with both domains, the F229L mutation perturbs later steps in oxidative folding allowing ATIII to fold to at least IT2. Both Asn55 and Arg57 are in helix A, and Asn55 is within 5 Å of the shutter. Mutations in the shutter are often associated with serpin misfolding and polymerization in the ER (5) . Deletion of Asn55 resulted in ∼30% secretion relative to wild type, but the secreted protein was inactive, whereas the R57C mutation did not significantly perturb secretion or activity, making it likely that Asn55 deletion and the resulting disruption in the register of helix A are largely responsible for perturbing folding. Interestingly, both F229L and N55Δ allow some oxidative folding but not full progression to NT, again supporting the idea that the early steps in ATIII oxidative folding involve the β rich serpin domain containing sheets B and C and the C terminus and that later steps consolidate folding of the central β-sheet A in the α/β serpin domain. 
